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LETTERS I 

On the Potential of ; fact, it seems impossible for graphs 
- 

Molecular Computing 1 with more than 30 vertices to be 
= handled by this approach. 

1, his report " ~ ~ l ~ ~ ~ l ~ ~  computa- JI Conventional state-of-the-art 
tion of solutions to combinatorial ? algorithmic techniques fare much 
Problems" (1 1 N ~ ~ . ,  p. 1021), L ~ ~ -  i better: The related, but even harder 

- I I  nard M- Adleman describes a meth- traveling salesman" problem is 
od for finding Hamiltonian paths in currently solved for graphs on a few 
directed graphs that is based On mO- thousand vertices, the largest in- 
lecular biological tools. This ap- 1 stance being a specific graph with 
proach is demonstrated On a partic- ' 7397 vertices (3). These conven- 
ular graph with seven vertices and 13 tional computers perform so well 
edges. ~ d l ~ ~ ~ ~  and ~ ~ ~ , d  K.  if- because of the advanced algorithms 
ford, in his Perspective "On the path they use. For the dream of a molec- 
to computation with DNA" (p. 993), ular biological computer to materi- 
speculate on the possibility of per- alize, a much richer set of instruc- 
forming difficult computa- tions than those employed by Adle-. 

DNA computing' man may have to be emulated. tional tasks by operating at Tracking the travding 
the molecular level. We con- ,I,m, through Michal Linial 
sider the applicability of this mol,ul, so~utions, Department of Biological Chemistry, 
intriguing idea in light of the Hebrew university, 
fact that the type of problem solved in the Jerwakm 9 1904, Israel 
report, called an NP-hard problem, be- Nathan LiniaI 
comes exceedingly difficult as the size of lmtitute of Computer Science, 
the ~roblem grows. It is known that sparse Hebrew University, 
directed graphs (that is, graphs with few Jerwakm 9 1 904, lsrael 
edges) almost surely have no Hamiltonian 
path, while, for graphs with many edges References 
(dense graphs), almost surely one exists. 
On the basis of this fact from random 1. B. Bollobas, Random Graphs (Academic Press, New 

York. 1985). 
graph were de- 2, w. ~ ~ l l ~ ~ ,  A~ lntmductjon to probability ~h~~~ and 
signed for finding Hamiltonian paths in Its Applications (Wiley, New York, 1968). 
graphs that are either very sparse or very 3. D. Applegate, B. Bixby, V. Chvt~tal, W. Cook. "Find- 

ing cuts in the TSP (a preliminary report)" (DIMACS dense )- Therefore' the any Technical Report 95-05. Center for Discrete Mathe- 
computational technique for this problem matics and Theoretical Computer Science, New 

be tested On "middle-ground" Brunswick. NJ, 1995). 

graphs, with n vertices and about n (log n) 
edges. Step 1 in Adleman's experiment Adleman proposes a new approach to 
calls for expanding all paths on n verti- computing using DNA molecules which 
ces-a total of (log n)" in this case. Each may have implications for certain de- 
path consists of a (20n)-mer oligonucleo- manding computing applications. He uses 
tide. Therefore, such an experiment in- the directed Hamiltonian path problem as 
volves at least 20 n (log n)" base pairs. If an example and shows that it can be 
Adleman's method is to be expanded one solved by using a combination of several 
order of magnitude, to deal with graphs on well-known molecular biological tech- 
70 vertices, the total mass of nucleotides niques. This approach has enormous po- 
involved in the experiment would reach tential for further development. For exam- 

kilograms (on the basis of the average ple, Adleman's system can be modified to 
molecular mass. of a nucleotide). These find the shortest Hamiltonian cycle in a 
quantities get much higher with any fur- particular system and thus can be used to 
ther increase in the number of edges. solve the well-known "traveling sales- 

Other inherent limitations further re- man" problem (1).  This can be accom- 
duce the size, n, of graphs to which Adle- plished by encoding path length informa- 
man's method is applicable: "Coupon-col- tion using oligonucleotides of different 
lector" bounds from statistics (2) should lengths. After ligation and amplification 
be observed SO that every path type is by ~ol~merase  chain reaction (PCR), af- 
generated in the random ligation step. finity purification can be applied directly 
Cost, labor, experimental errors, and reac- to the PCR products. Gel electrophoresis 
tion time further reduce this number. In will then reveal the shortest PCR product 



that will represent the shortest Hamilto- 
nian cycle. With the recent introduction 
of long-range PCR techniques (2) and 
mega-primer PCR (3), this approach can 
theoretically be used to solve very com- 
plex problems. 

However, limitations of the method ex- 
ist, the most important one being that the 
number of molecules required for the com- 
putation of complex problems rises expo- 
nentially as the complexity of the problem 
increases. For instance, for Hamiltonian 
problems with 23 vertices, kilogram quan- 
tities of each oligonucleotide will be needed 
to generate the required solution with rea- 
sonable probability. This will require unre- 
alistic quantities of enzymes and will over- 
load the capacity of the subsequent analyt- 
ical step, such as agarose gel electrophoresis. 
These considerations imply that at least at 
present, molecular computing is likely to 
have no applicability for problems with an 
intermediate complexity. For simpler prob- 
lems, conventional computing provides 
ease of operation, while for complex prob- 
lems, molecular computing will be limited 
by the constraints imposed by the require- 
ment of raw materials. 

Finally, the comparison of energy effi- 
ciency calculated by Adleman does not take 
fully into consideration the enormous ener- 

gy inefficiencies of many of the accompa- 
nying steps, such as thermal cycling for 
PCR, electrophoresis, and so forth. These 
energy premiums should be included in cal- 
culations before molecular computing can 
be used practically. 
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Adleman's report and the accompanying 
Perspective by Gifford on biomolecular 
computing are overly optimistic to a de- 

gree that deserves comment. The novel 
technology of exhaustive search using a 
combinatorial oligonucleotide library sub- 
ject to parallel selection and PCR ampli- 
fication is applied to a hypothetical small 
~roblem. identification of a directed Ham- 
iltofiian path on a graph with seven nodes. 
The inferred capability of the technology 
to handle real-world problems when fur- 
ther developed requires an extrapolation 
that ignores the "combinatorial catastro- 
phe" that is what makes NP-complete 
problems really hard. These difficulties are 
revealed by the following order-of-magni- 
tude calculations. 

The size of a combinatorial library im- 
~lemented on a lab bench is limited bv 
thermodynamics to something like Avo- 
gadro's number This is also the 
number of unique oligonucleotides of 
length 40 (440 = 2" = Adleman's 
representation of the seven-node problem 
already uses oligonucleotides of about this 
length. Clever coding might reduce the 
length of the representation, but one base 
per node is probably an unachievable low- 
er limit. Real-world graphs for which di- 
rected Hamiltonian paths are required 
currently have hundreds to thousands of 
nodes-branches. Approximate Hamiltoni- 
an paths can be routinely obtained for 
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such graphs. Representing these paths 
with a single base per node would require 
oligonucleotides with lo2 to lo3 bases. An 
exhaustive combinatorial library would in- 
volve 4'" to 4'" oligonucleotides, and 
4'" is lo7' in very round numbers. This 
number is exceedingly large. By compari- 
son, a crude estimate of the number of 
particles in the universe is lo8". Problems 
of this size are clearly beyond any imagin- 
able improvement of the technology de- 
scribed by Adleman. 

The problem of finding a directed Ham- 
iltonian path in a graph is hard in the sense 
of computer science, being NP-complete. In 
another sense. however. it is easv because it 
can be solved without looking at every po- 
tential solution individually and deciding 
whether to accept or reject it. Let us call 
problems where every potential solution 
must be checked "truly hard." Biomolecular 
computing is likely to be more effective on 
trulv hard ~roblems. because the thermo- 
dynamically massive parallelism that it of- 
fers is not wasted on potential solutions 
that would not otherwise have had to be 
examined. 

An example of a truly hard problem is 
to design an oligonucleotide of length L 
that binds with nanomolar affinity to 
some substance (A), with greater than lo4 

discrimination of a number of chemically 
similar substances (B, C, . . .). Let L be 
about 20. This design is equivalent to 
solving a constrained nonlinear optimiza- 
tion problem with the objective function 
given by the interaction potential be- 
tween the oligonucleotide and A, and 
with the constraints given by the interac- 
tion potentials between the oligonucleo- 
tide and B, C, . . . . This optimization 
takes place in a space of dimension 420 x 
320, where the first term is the number of 
sequences and the second term is the num- 
ber of configurations, assuming three rota- 
mers for each oligonucleotide. Optimiza- 
tion in a mace of dimension lo2' is a verv 
hard problem (not currently solvable on 
computers). For the chemical design prob- 
lem, we currently have no idea how to 
proceed from first principles, so that we 
would have to look at every sequence in 
every configuration. The method of affin- 
itv. selection and PCR am~lification is 
yielding products in this area. 

h r r y  Bunow 
Civilized Software, Inc., 

7735 Old Georgetown Road, Suite 41 0, 
Bethesda, MD 20814, USA 

Notes 

1. I thank Gary Knott for his help. 

Response: Molecular computation is embry- 
onic and will require considerable explora- 
tion before its potential and limitations are 
brought into clear focus. Certainly, as 
pointed out in the letters of M. and N. 
Linial and Lo, Yiu, and Wong, molecular 
computation is not ready to compete with 
electronic computation at this time. 

Will it ever compete? That is an open 
question. An affirmative answer may re- 
quire meeting numerous challenges: 

in biology and chemistry: challenges 
in understanding cellular and molecular 
mechanisms and makine them available " 
for use as 'primitives' in molecular algo- 
rithms. 

in computer science and mathemat- 
ics: challenges in finding appropriate prob- 
lems and efficient molecular algorithms to 
solve them. 

in physics and engineering: challenges 
in building large-scale, reliable molecular 
comDuters. 

Happily, in the few months since my 
report appeared, there has been encour- 
aging progress. Richard Lipton of Prince- 
ton University (this issue, p. 542) (1) 
has demonstrated that the famous "satis- 
fiability" problem may be particularly 
amenable to the molecular methods that 
have thus far been elucidated. I have fol- 
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lowed Lipton with the description of a 
hypothetical molecular computer which, if 
constructable, would solve hard instances 
of the satisfiabilitv ~ rob lem substantiallv , . 
faster than the fastest current super com- 
puter (2) .  

But it is too early for either great opti- 
mism or pessimism. Today's electronic 
computers are marvels of speed and effi- 
ciency. They are the product of a half 
centurv of extraordinarv develo~ment. 
Molecular computers are less than a year 
old. Perhaps they will mature well-per- 
haps not. 

In any case, molecular computers can 
contribute to our understanding of the 
nature of computation. They can cause us 
to revisit the question of what a computer 
is. In the end computers are simply phys- 
ical devices obeying physical laws. Devices 
become "computers" when we learn to 
interpret their behavior appropriately. 
Molecular computers make it clear that 
such an interpretation can be imposed on 
devices very different from those to which 
we have grown accustomed. What other 
devices will become "computers" in the 
future? 

Building a practical molecular comput- 
er is an exciting prospect, but it is not the 
only goal. We should not lose sight of the 

fact that the primary reason for research in 
this area is to elucidate fundamental as- 
pects of computation and biology. In this 
regard there is reason for optimism. 

Leonard M. Adleman 
Department of Computer Science, and 

Institute for Mokcular Medicine 
and Technology, 

University of Southern California, 
941 West 37th Place, 

Los Angeks , CA 90089, USA 
E-mail: adkman@cs. usc .edu 
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Gravitational Theory 

Faye Flam's Research News article "The- 
orists make a bid to eliminate black holes" 
(23 Dec., p. 1945) could not have ap- 
peared at a more opportune time. Within 
weeks of its publication, astronomers an- 
nounced two important findings. One is 
evidence for a supermassive object with 

mass of 36 million suns that is a candidate 
for a black hole (1). The other is the 
nonexistence in Hubble Space Telescope 
images of material supposed to surround 
quasars, characterized by John Bahcall as 
"a giant leap backwards in our understand- 
ing of quasars" (2). 

In the theory we advocate (3, 4),  a 
large amount of matter can collapse, but 
does not form an event horizon. Radially 
directed light can always escape, although 
the red shift is great. The concept of 
horizon in Einstein's theory is mislead- 
ing. Einstein's theory actually gives two 
spherically symmetric, nonisotropic solu- 
tions, one of which is the standard 
Schwarzschild metric. The other does not 
have an event horizon (4). These two 
solutions are structurally the same as the 
slab solutions in general relativity, where 
the unphysical features are attributed to 
"peculiar matter" (5). If one says the slabs 
are "peculiar matter," one also has to 
sav that mass in the Schwarzschild solu- 
tion is "peculiar matter." The theory we 
advocate gives a unique solution that cor- 
responds to normal matter without any 
unphysical features. This solution does 
not have an event horizon, nor does it 
exhibit a curvature singularity at the ori- 
gin. We urge the astronomical community 




